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Stress  Analysis  of  Composite  Rotor  Blades 


Marco  Borri  Gianluca  Ghiringhelli 


Dipartimento  di  Ingegneria  Aeroapaziale 
Politecnico  di  Milaao  -  Milano  -  ITALY 


Abatiaci 

The  design  of  Composite  Rotor  Blades  requires  the  analysis  of  tridimen¬ 
sional  stress  states  including  interlaminar  stresses. 

Despite  the  powerfulness  of  modern  computers,  standard  tridimensional 
finite  elements  approximations  of  the  entire  rotor  blade  are  not  yet  consid¬ 
ered  feasible,  because  of  the  high  degree  of  accuracy  required  in  the  material 
properties  of  the  blade  cross  section.  As  a  consequence,  the  problem  is  gen¬ 
erally  formulated  in  two  different  consecutive  steps.  The  first  step  considers 
the  stress  analysis  of  the  blade  cross  section.  This  is  modeled  as  a  two 
dimensional  continuum,  and  the  following  analyses  are  performed: 

e  Eigensolution  analysis  of  seif  equilibrated  modes  and  of  the  diffusion 
lenghts 

•  Particular  solutions  under  prescribed  stress  resultants 

The  second  step  is  mainly  devoted  to  the  dynamical  behavior  of  the 
entire  blade.  Here  the  blade  is  usually  considered  as  a  one  dimensional  con¬ 
tinuum.  Under  this  approximation,  in  general,  the  following  computations 
are  performed; 

e  Trim  solution  under  steady  flight  conditions 

e  Linear  stability  analysis  of  Floquet’s  type 

The  subdivision  of  the  problem  into  two  steps  is  equivalent  to  the  metod 
of  separation  of  variables  first  proposed  by  De  S.Venant  which,  as  it  is  well 
known,  is  exact  only  for  slender,  straight  and  untwisted  beams  under  applied 
loads  to  the  edges,  but  it  is  also  applicable  to  curved,  twisted  and  swept 


1 


beams  undergoing  small  strains.  The  present  discussion  focuses  oh  the  cross 
section  analysis.  This  is  usefull  even  if  the  overall  behavior  of  the  beam  is 
geometrically  non  linear,  as  it  happens  in  helicopter  baldes. 

In  our  formalism  we  take  into  account  the  effects  of  built  in  twist,  cur¬ 
vature  and  swept  so  that  geometrical  coupling  of  tension  and  torsion  can  be 
also  accounted  for.  Since  in  composite  helicopter  rotor  blades  the  inplane 
and  out  of  plane  warping  can  strongly  influence  the  stress  distribution,  we 
start  from  the  two  dimensional  Finite  Element  idealization  of  the  cross  sec¬ 
tion  of  the  blade  while  an  exact  integration  along  the  beam  axis  is  performed. 

The  program  developed  can  supply  the  following  outputs: 

s  Mass  and  stiffness  matrices  with  due  consideration  of  all  possible  cou¬ 
plings  e.g.  bending-torsion,  torsion- tension,  shear-tension,  that  can  be 
achieved  with  any  kind  of  anisotropic  materials. 

s  All  the  components  of  the  stress  and  strain  tensors  under  prescribed 
forces  and  moments  resultant  in  the  usual  beam  sense,  i.e.  discarding 
the  boundary  perturbations. 

s  Eingensolutions  in  terms  of  displacement  and  diffusion  length. 

As  far  as  materials  are  concerned,  the  program  can  take  into  account  every 
kind  of  nonhmogeneity  and  anisotropy,  and  it  may  also  be  considered  as  an 
advanced  and  easy-to-use  toed  for  isotropic  beam  analysis.  The  effectiveness 
of  this  approach  mainly  resides  on  the  fact  that  discretization  occours  on 
the  cross  section  only.  For  instance,  an  idealization  by  500-1000  degrees  of 
freedom  of  the  section  leads  to  a  problem  of  small  size;  however  it  enables 
the  performance  of  a  detailed  analysis  that  three  dimensional  schemes  would 
make  extremely  expensive  and  practically  unfeasible  in  the  preliminary  de¬ 
sign  phases.  As  a  matter  of  fact,  the  program  has  already  been  employed 
also  as  an  analysis  modulus  in  optimization  processes  for  composite  blade 
sections. 

Some  experimental  test  performed  on  straight  composite  blade  specimens 
had  shown  a  good  correlation  wiht  the  numerical  results. 

Comparison  with  three  dimensional  analysis  in  the  case  of  twisted  and 
curved  beams  showed  the  formidable  effectiveness  of  the  present  approach. 
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Fig.  6.  Fine  mesh  deformed  shapes. 
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Figure  1.  Composite  Curved  Frame  Selected 
from  BLACK  HAWK  Cabin  Fuselage 


Design  of  Straight  and  Curved  I-Beams 


STRAIGHT  I-BEAM 

•  The  web  carries  the  shear  force  (shear  stresses) 

•  The  flanges  carry  the  bending  moment  (axial  stresses) 

CURVED  I-BEAM 

•  The  web  must  carry  the  shear  force  (shear  stresses)  AND  resist 
the  crushing  stresses 

•  The  flanges  must  carry  the  bending  moment  (axial  stresses)  AND 
the  curling  stresses 


Numerical  Investigation 


Finite  element  model  of  the  test  specimen  was  performed  using  the  ABAQUS 
code 


•  1500  grid  points  ('7000  DOF’s) 

•  350  8-  noded  shell  elements 


ANALYTICAL  SOLUTION 


General  Differential  Equation 

x=L 


Non  —  Dimensional  Form 

wlv  +4a4  w  = 

q4  =  3  1 

D“(%)2(fc)2. 

- i— 

\D„)  (£)’(£) 

Strain  Relation 
w 

t  —  to  —  =  €,C(Q,X) 

where  C(o,x)  =  c(a)ch(o) — 

-—= - — - — 5—  [ch (a) sh (a)  +  c (a) s (a)]  x  [c(ax)sh(ax)-s(ax)ch(ax)] 
ch^(a)  +  c*  (a) 

+  [ch2  (a)  —  c2  (q)]  x  [s(ax)  sh(ax)] 
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POSITION  ALONG  FLANGE  WIDTH  (IN) 

M22  VS  FLANGE  POSITION 

LOWER  FLANGE,  CASE  2  -  [0]22 
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CURVED  BEAM  LOCAL  COORDINATE  AXES 


M22.FEM 

M22,  ANALYTICAL 


Nil  VS  FLANGE  POSITION 

UPPER  FLANGE,  CASE  2  -  [0]22 
GR/EP  T300-5208 


a  N11.FEM 
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M22  VS  FLANGE  POSITION 

UPPER  FLANGE,  CASE  2  •  [0122 
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CURVED  (CAM  LOCAL  COORDINATE  AXE 
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POSITION  ALONG  FLANGE  WIDTH  (IN) 


M22  VS  FLANGE  POSITION 

UPPER  FLANGE,  CASE  4  -  [90)22 
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Conclusions 


•  1  -  Good  correlation  was  found  between  the  predictions  of  a  3-D  FEM  model 
of  laminated  composite  I-beams  with  a  strong  curvature  and  a  “Strength  of 
Material”  analytical  model. 

•  2  -  The  stress  distribution  in  the  flanges  is  characterized  by  a  single 
parameter 


a 


4 


?E„  1 


Material  stiffness  effects  are 


El  Ex 
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•  3  -  The  lay-up  and  stacking  sequence  of  the  flanges  drastically  affects  overall 
load  carrying  capability.  Up  to  a  factor  of  5  was  observed. 


•  4  -  A  nearly  “quasi-isotropic”  lay-up  seems  to  yield  the  highest  strength. 


•  5  -  The  question  remains  open  as  to  whether  the  I  configuration  is  desirable 
in  beams  with  strong  curvature. 


“Dynamic  Characteristics  of  Thin- Walled  Composite  Beams” 


Lawrence  W.  Rehfield 
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DERIVATION  BY  PRINCIPLE  OF  VIRTUAL  WORK 

•  CONSISTENCY 

•  SIMPLICITY  OF  De?JVATION 

•  GOVERNING  KINETIC  EQUATIONS 

•  NATURAL/GEOMETRIC  BOUNDARY  CONDITIONS 


kinematics 


r°xy  ■8,*VX 

(I) 

*  B.y  *  W,x 

(2) 

°  a  Y°  &  °  .  ?Ae 

*s  Txy  ds  Yxz  ds  c  *x 

(3) 

=  U(x)  *yQ  +  Z0  ♦  ^  (s) <*> 

4  /  rx 

(4) 

=  V(x)  -  (x) 

(5) 

=  w(x)+y$(x) 


(6) 


GENERALIZED  FORCE  RESULTANTS 


ELASTIC  LAW 
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25  INDEPENDENT  STIFFNESSES 


VIBRATION  BEHAVIOR 


•  EXTENSION 

•  BENDING 


TWIST 


CONSIDER  LOWER  MODES  ONLY 


EXTENSION-TWIST  VIBRATION 


CnU"  4-  Ci4<j>n  -f  Muj2U  =  0 


4-  C44<j>n  4-  Iu>2</>  =  0 

MODELING  APPROXIMATIONS 
•Coupled  modes 

•Statically  uncoupled  modes  (M  or  I  neglected) 
•Uncoupled  modes  ( C14  neglected) 


STATICALLY  UNCOUPLED  FREQUENCIES 


ARE  RELATED  TO  CLASSICALLY 
UNCOUPLED  FREQUENCIES 

WIT  =  ^“IT^CL 
WIE  =  ^“IE^CL  ^ 


MODEL  BOT0C3  CK0SS  SECTOR 


LANGLEY  MODEL  ROTOR  BLADE 
EXTENSION-TMIST  VIBRATION  FREQUENCIES 

COUPLED  MODES 

=  10.33  tog  -  33.81 

STATICALLY  UNCOUPLED  MODES 
t!ijy  =  10.96  <i>j£  =  22.80 

CLASSICALLY  UNCOUPLED  MODES 
(^IT^cl  =  ^IE^CL  ~  31.92 


BENDING  VIBRATIONS 


IGNORE  SHEAR  DEFORMATION 
EFFECTS  IF  L/d  »  1. 

(SLENDER  BEAMS) 

MODES  ARE  (ALMOST)  UNCOUPLED 


BENDING  VIBRATIONS 
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0(0  = 
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(wfiE^i  ”  5.89 


Sci**r,atic  of  til 
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modei 
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MATERIAL 

TEST 

DESIGN 

LIMIT 

ANALYSIS 

IM6/R6376  Gr/E 

o 

• 

T 300/5208  Gr/E 

o 

■ 

- -  —  — 

Axial  load.  lbs. 


Static  test  correlations  for  Langley  model  tube 


Stiffnesses  of  the  Langley  model  tube 


Stiffnesses 

Calculated  Values 

ClxJb 

Czn ,  lb 
C*,lb 

C^,lb  -  in2 
Cm,  lb  —  in3 
CsoJb-in2 
C\\,lb  -  in 
Cm,  lb  —  in 
C^,lb  -  in 

0.8456  x  10° 
0.1056  x  106 
0.1056  x  106 
0.2771  x  105 
0.5681  x  105 
0.5681  x  10s 
0.9735  x  10s 
-0.4867  x  10s 
0.4867  x  10s 

T30C/5208  COMPOSITE  CYLINDER 


722  GRID  POINTS 
684  CQUAD4  PLATE  El£. 

74  am  ax,  masses 

J74  TOTAL  UVNAMIC  DEGREES 
OF  FREEDOM 


The  finite  element  model  of  the  Langley  tube 


MODE  SHAPES: 
Coupled  Modes 


torsion  1  extension 


MODE  SHAPES: 


bending 


Free-free  vibration  results  for  the  Langley  model  tube 


MODE 

EXPERIMENTAL 

FEM  1 

(  SHELL ) 

FEM  2 
(  BEAM) 

ANALYTICAL 

MODEL 

BENDINQ 

319 

337 

337 

341 

TORSION 

583 

592 

653 

606 

Clamped-firee  vibration  results  for  the  Langley  model  tube 


_ Modes _ 

Coupled  bending 
Coupled  extension-torsion 


Transfer  Matrix 
58.73 
312.07 


Analytical  Method 
58.88 
312.11 


VIBRATION  SUMMARY 


EXTENSION-TWIST  MODES  MUST  BE 
TREATED  AS  COUPLED. 


BENDING  MODES  ARE  UNCOUPLED 

-  SCALE  BE  RESULTS 

-  REDUCE  STIFFNESSES  FOR 
MASS  COUPLING 
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location  of  composite  components 

ON  BELL  MODEL  206L  HELICOPTER 


Kevlar /epoxy  litter  door 


BELL_2Q6LJhiEljCOPTER  COMPOSITE  COMPONENTS 


DISTRIBUTION  OF  BELL  206L  HELICOPTERS 
WITH  COMPOSITE  COMPONENTS 
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Gulf  of  Mexico  Alaska  Canada  USA  Baseline 


LOCATIONS  OF  GROUND  BASED 
ENVIRONMENTAL  EXPOSURE  OF  COMPOSITE  MATERIALS 

USED  IN  BELL  206L  COMPONENTS 


Offshore  oil  platform 


RESIDUAL  STRENGTH  OF  COMPOSITE 
MATERIALS  AFTER  EXPOSURE 
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Experimental  Shear  Modulus  for  Dry  Conditions 
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Experimental  Shear  Modulus  for  Room-Air  Conditions 

c  =  0.243% 


(«dD)  *3  ‘snppopi  xesqs 


.26xl09  +  2.61  x  107T  -  3.02x  105T2 


Experimental  Shear  Modulus 


(*dD)  *3 


{Do)  1 


Experimental  Variation  of  Coupling,  ac,  for  Various  £ F)s 
Room  Air,  [(0/0  +90)^c  /(0±  45)frl  Laminates 


II 

II 

II  1 

C*. 

E*. 

E*.  E*. 

W 

'O'  V 

o  o  o  o 

O  CN  TT  CD 


r 

o 

1 

o 

r 

o 

o 

r  cn 

O 

o 

CN 

T 

CO 

00 

CN 

CN 

CN 

CN 

CN 

ix-Vdl)  & 


SAME  RESULT? 


Comparison  of  Experimental  and  Theoretically-Predicted  Coupling 
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SELECT  CONFIGURATION 
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Equilibrium  and  Force-Deformation  Relationships 


Equilibrium  and  Force-Deformation  Relationships  (continued) 


Equilibrium  and  Force-Deformation  Relationships  (continued) 


eaves  the  stiffness  matrix  C  consisting  of  25  independent 


Ply  orientation  for  circumferentially  asymmetrical  stiffness 


Ply  orientation  for  circumferentially  uniform  stiffness 


EXTENSION-TWIST  COUPLING 
CREATES  BLADE  PITCH 
CHANGES  WITH  RPM 


TILT  ROTOR  PERFORMANCE  TRENDS 


BLADE  TWIST  (DEG) 


TAI LORING  PARAMETER 


C14  j  C11  C44  =  K12  j  K11 
C25  /  C22  C55  =  91  P 
C3 bj  C33  C66  ~  s2  P 


3  =  TAILORING  PARAMETER 


Alteration  of  the  elastic  tailoring  parameter  with  the  orientation 


Orientation  Angies,  deg. 


Effect  of  0°  and  angle  plies  on  the  extension-twist  flexibility 


TWIST  ANGLE  PREDICTIONS 


•  ADDITION  OP  TORSION-RELATED  WARPING  EFFECTS 


**x  ”  C77  *'xxx 

•  REDUCED  STIFFNESS  (ELASTIC  COUPLING) 


VC44  =  0-51 


KEVLAR  29  /  EP/KOTE  162 


Slender  cantilever  beam  with 


fo  end  moment 


rectangular  cross  section  subjected 


Prediction  of  Twist  Angle  (continued) 


NORMALIZED  TWIST  ANGLE 


X  /  L 


Twist  angle  predictions  due  to  end  torque  with  different  material 


systems. 


Orientation  Angies,  deg 


Alteration  of  the  boundary  layer  parameter  with  the  orientation 
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KINEMATICS 


COMPRESSIVE  BUCKLING  EQUATIONS 


CONSTITUTIVE  EQUATIONS 


Schematic  of  a  channel  section  subjected  to  compressive  loading 
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Critical  buckling  loads  for  a  channel  section  with  different  ply 
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ent  ply  orientations  (  AS-4/3501-6  Gr/E, 


Beam 

Cross-Section 

and 

Specimen  No. 

Dimensions 

Material  Properties 

i 

Ply  Layup 

Channel  1 

L  (Beam  Length):  19  in. 
bp  (Flange  Width):  1.25  in. 
bw  (Web  Width):  1.25  In. 
t  (Wall  Thickness):  0.080  in. 
R  (Corner  Radius):  0.125  in. 

Material:  AS4-3502  GR/EP 
E2:  17.8  x  106  psi 

E2:  1.51  x  106  psi 
v12:  0.331 

G12:  0.844  x  106  psi 

[t45/0/90]2s 

1 

Channel  2 

L  (Beam  Length):  19  in. 
bp  (Flange  Width):  1.25  in. 
bw  (Web  Width):  1.25  In. 
t  (Wall  Thickness):  0.080  in. 

Wt 

R  (Corner  Radius): '0.125  In. 

Material:  AS4-3502  GR/EP 
iy  18.3  x  106  psi 

E2:  1.51  x  106  psi 
v12:  0.331 

G12:  0.844  x  106  psi 

[*45/+45/90/~  j] 

Channel  3 

L  (Beam  Length):  12  In., 
bp  (Flange  Width):  0.75  in. 
bw  (Web  Width):  1.25  in. 
tw  (Wall  Thickness):  0.080  in. 
R  (Cdrner  Radius):  0.125  in. 

Material:  AS4-3502  GR/EP 
Ejt  18.1  x  106  psi 

E2:  1.51  x  106  psi 
v12:  0.331 

G^2:  0.844  x  10®  psi 

[t45/0/90]2s 

Beam  cross  section  dimensions,  material  properties  and  ply  layup 
for  buckling  load  comparison 


Beam  Cross 
Section  and 
Specimen  No. 

Buckling  Load,  lbs. 

Experiment 

Present 

Vlasov  Analysis 

Channel  1 

7000 

7943 

9872 

Channel  2 

6830 

8917 

12540 

Channel  3 

9670 

11565 

15830 

Comparison  of  buckling  loads  for  clamped-free  boundary  condition 


Channel -4  Properties 
Material:  AS4/3501-6 

L  (Beam  Length)  :  12in  E,  =  20.2  lof 

bF  (Flange  Width)  :  1.75in.  E2  =  1.61  10° 

bw  (Web  Width)  :  1.75in.  yJ2  =  0.3 

tw  (Wall  Thickness  :  0.06in.  612  =  0.87  10° 

Buckling  Load,  lbs. 

Layup  Analysis  Experiment  Present 
[±15/01  2061  2144  2313 
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Comparison  of  buckling  loads  for  simply  supported  boundary 
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STIFFNESSES  ARE  REDUCED  BY 
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“Toward  Understanding  the  Tailoring  Mechanisms  for 
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COMPOSITE  ROTOR  BLADE  MODELING 

OBJECTIVE 

DEVELOP  A  THEORETICAL  MODEL  SUITABLE  FOR 
REPRESENTING  COMPOSITE  ROTOR  BLADE  DESIGNS 

•  DYNAMIC  AND  OVERALL  STRESS  ANALYSES 


AEROELASTIC  TAILORING 


SIMPLE  COMPOSITE  BEAM  MODELS 


MANSFIELD  AND  SOBEY  (1979) 
MANSFIELD  (1981) 

VALISETTY  AND  REHFIELD  (1984) 
BAUCHAU  (1985) 

REHFIELD  (1985) 

REHFIELD  AND  ATILGAN  (1987) 


REHFIELD  AND  ATILGAN  (1987) 
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THEORY  FOR  COMPOSITE  SINGLE  CELL  BEAMS 


•  KINEMATICALLY  BASED 

•  CONSISTENT 

•  SIMPLE  TO  OERIVE 


ARBITRARY  HALL  LAYUP  AND  ELASTIC  COUPLING 


KINEMATICS 


?xy  =  0z*V,x 
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(3) 
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z  y  _ tJL. 
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GENERALIZED  FORCE  RESULTANTS 
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W.F.  BROWN,  JR.,  1940 
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Biaxial  Fatigue  and  Deformation 
Behavior  of  Gr/E  Composites 


Erhard  KrempI 

Department  of  Mechanical  Engineering, 
Aeronautical  Engineering  &  Mechanics 
Rensselaer  Polytechnic  Institute 
Troy,  N.  Y.  12180-3590 


The  Effect  of  Interlaminar  Normal  Stresses  on  the  Uniaxial 
Zero-to-Tension  Fatigue  Behavior  of  Graphite/Epoxy  Tubes 


Erhard  Krempl  and  Deukman  An* 

Mechanics  of  Materials  Laboratory 
Rensselaer  Polytechnic  Institute,  Troy,  NY  12180—3590 


During  the  past  several  years,  the  Mechanics  of  Materials  Laboratory  of  RPI  has 
developed  a  method  to  obtain  biaxial  fatigue  data  under  axial/torsion  loading.  A 
thin— walled  tubular  specimen  can  be  made  from  prepregs  by  a  lay-up  procedure  and  tested 
in  an  MTS  servohydraulic  axial/torsion  testing  machine  with  computer  control.  We  have 
provided  completely  reversed  load-controlled  fatigue  data  on  Gr/Epoxy  materials  under 
uniaxial  and  combined  loadings  using  [±45]s  and  f0/±45]g  lay-ups  [1—3].  The  edgeless 
specimen  eliminates  suspected  end  effects  and  can  oe  used  for  tests  involving  significant 
compressive  loading.  Near  unidirectional  Gr/Epoxy  and  Kevlar/Epoxy  specimens  were 
fatigue  tested  in  uniaxial  loading  for  negative  R— ratios  [3]. 

It  was  suspected  that  the  thin-walled  tubular  specimen  would  not  provide  "true 
material  fatigue  data"  because  of  the  presence  of  interlaminar  tensile  stresses  introduced 
by  the  curvature.  They  would  promote  early  delamination  of  the  plies.  To  check  on  this 
hypothesis  zero-to-tension  fatigue  tests  were  run  on  Gr/Epoxy  [±45]s  tubes  with  and 
without  pressurization.  The  pressure  levels  were  chosen  so  as  to  compensate  the  suspected 
interlaminar  tensile  stresses.  Fatigue  test  results  in  the  range  from  10<  to  10«  cycles  with 
and  without  pressurization  are  within  the  same  reasonable  scatterband.  It  is  concluded 
that  the  interlaminar  tensile  stresses  do  not  affect  the  fatigue  performance. 

Restraint  of  lateral  motion  by  inserting  a  tightly  fitting  metal  mandrel  into  the  bore 
of  the  tube  had  a  significant  beneficial  effect  on  the  static  and  the  fatigue  strength  of  the 
tubes.  This  improvement  could  be  used  in  practical  applications. 
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Fatigue  Test  Specimens  in  Use 
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Cruciform  (plane)  Specimen 


Test  Specimens 


Strip 

tensile  loading 
edge  effects 
axial  loading 
off-axis  shear  only 


Tubular 

tension/compress, 
no  edge  effects 
axial,torsion,  press, 
on/off-axis  shear 


Figure  l  Thin-walled  tube  specimen. 
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STATIC  TEST  RESULTS 


•  ELASTIC  MODULI  IN  TENSION,  COMPRESSION 
(±  TORSION)  ARE  EQUAL 


•  INELASTIC,  TIME-DEPENDENT  DEFORMATION 
BEYOND  25Z  OF  AXIAL  ULTIMATE  AND 
BEYOND  50Z  OF  TORSIONAL  ULTIMATE 


•  TENSILE  AND  COMPRESSIVE  STRENGTH 
EQUAL  ±  150  MPa 

•  ULTIMATE  TORSION  STRENGTH  DEPENDS 
STRONGLY  ON  DIRECTION  OF  TWIST 

+  190  MPa  (OUTER  FIBERS  COMPR.) 
-  130  MPa  (OUTER  FIBERS  TENS.) 


WHY  IS  STATIC  TORSION  STREN6TH  HIGHER  WHEN 
OUTSIDE  FIBERS  ARE  COMPRESSED? 

EFFECTIVE  RIGIDITY  IS  HIGHER  IN  THIS  CASE 
THAN  WHEN  OUTER  FIBERS  ARE  TENSED. 

FAILURE  MODE  IS  LOCAL  (NOT  EULER)  BUCKLING. 
DELAMINATION  ENHANCED  DURING  NEGATIVE  TWIST. 

WORST  CASE  NEGATIVE  TWIST  AND  COMPRESSION 
(0-49*). 
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LOCAL  BUCKLING. 
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0  -  49*  ONLY 

<t>  -  90*  AND  270* 

FREQUENCY 
1  Hz 

0.1  Hz  and  0.01  Hz  FOR  AXIAL  AND  0  =  49* 
IN-PHASE  TESTS 

CYCLES-TO-FAI LURE 

102  -  106 
MAJORITY  <  105 
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Figure  76  Fatigue  life  baaed  on  biaxial  equivalent  atreaa,  sinusoidal 


loading,  R*-1. 
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Figure  77  lso*fatigue  life  curve*  of  [i45]s  graphite/epoxy  tubes 
based  in  the  o-i  plan*  at  R*-l  and  1  Hz.  The  solid 
contours  with  symbols  represent  the  fatigue  lives  in  the 
presence  of  buckling;  the  concentric  ellipses  would 
represent  the  fatigue  lives  without  buckling.  Static  results 
are  also  shown. 
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Figure  74  Sketch  of  deformation  of  a  ( s4Sj ^  tube  under  combined 
compression  and  negative  twist. 
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FATIGUE  TEST  RESULTS 

R  *  -1.  LOAD  CONTROL  AXIAL  LOADING 

•  FATIGUE  STRENGTH  IS  LOW 

•  THERE  IS  AN  INFLUENCE  OF  FREQUENCY 

•  CHANGES  IN  HYSTERESIS  LOOP  SIGNIFICANT 
TOWARDS  END  OF  LIFE 

•  APPEARANCE  OF  FATIGUE  FRACTURE  NOT 
DIFFERENT  FROM  STATIC  FRACTURE 
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Plus.  ►  Electro  Optical  Jammers  ►  Enhanced  Hadars  ►Acoustic  Delectois  ►Nuclear  Biological  Chemical  I  (neats 


LHX  ^  MISSION  LOADS 

(MIDEAST  MISSION) 


I 

I 
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PETITION  SENSITIVE 


COMPETITION  SENSITIVE 


LHX  SuperTeam’s  Dem/Val 
TQM  Process 
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«.h^|sw«Steam  Voice  of  the  Soldier  -  SuperTour 
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|supe niEAM I  Vpice  of  the  Soldiet  -  SuperTour 


COMPETITION  SENSITIVE 


COMPETITION  SENSITIVE 


COMPETITION  SENSIIIVE 


COMPETITION  SENSITIVE 
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THE  ADHESION  OF  CARBON  FIBERS  TO  THERMOSET 
AND  THERMOPLASTIC  POLYMERS 


W.  D.  Bascom 
K-J.  Yon 

Materials  Science  and  Engineering  Department 
University  of  Utah,  Salt  Lake  City  84112 


R.  M.  Jensen 
L.  Cordner 

Graphite  Fibers  Development 
Hercules  Aerospace,  Magna  Ut 
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THE  SINGLE  EMBEDDED  FILAMENT  TEST 


•  micro-specimens  are  pulled  in  tension  until  the  filament  is 
fully  fragmented  and  the  length  of  the  fragments  (lc)  is  then 
measured 

•  the  critical  length  is  related  to  the  interphase  shear  strength 
by, 


Tc 


ocd 

21c 


Tc  ■  interphase  shear 
strength 

ac  -  fiber  strength 
d  -  fiber  diameter 
lc  ■  fiber  critical  length 


houieuer  the  fiber  strength  has  some  statistical  distribution  Igc 
so  that, 


/ 


rearranging, 


k 

d 


If  Xac  is  essentially  constant  then 


k 

d 


is 


an  inverse  measure  of 


the  interphase  shear  strength 


EXPERIMENTAL  TECHNIQUE 


Epony  specimens  were  made  by  placing  the  filament  in  a  silicone 
mold,  encapsulating  in  the  liquid  resin  and  heat  curing. 


The  thermoset  specimens  were  prepared  by  placing  a  single 
filament  on  a  small  plate  of  the  polymer  and  then  coating  the 
filament  with  the  same  polymer  from  a  volatile  solvent; 


fiber 


polymer 

film 


/ 


The  specimens  mere  placed  in  a  tensile  test  fixture  that  fits  on 
the  stage  of  a  light  microscope; 


LVDT 


frame 


I 
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THE  CRITICAL  LENGTH  DATA  EHHIBIT  A  BROAD  STATISTICAL 

DISTRIBUTION 
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Typical  Ic  data  from  one  specimen 
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Combined  Ic  date  for  10  specimens 


The  data  were  analyzed  by  calculating  the  normal  mean  and  the 
997*  confidence  limits  on  the  mean. 


STRESS  DISTRIBUTION  RT  FIBER  BREAKS 


<>o 


1  5 

linear  elastic  analysis 


The  polymers  used  In  this  study  tuere  transparent  and  stress 
birefringent  and  so  the  experiment  reuealed  information  about 
the  stress  distribution  at  fiber  breaks. 


STRESS  BIREFRINGENCE  PATTERNS 
R  Strong  adhesion  B  Weak  adhesion 


LAMINATE  TENSILE  STRENGTH,  KSI 


ADHESION  TO  THERMOPLASTICS 

A  Study  of  the  adhesion  of  three  fiber  types, 

Hercules  AS  I 
Hercules  AS4 

Hysol-Grafil  HAS® 

revealed  a  similar  adhesion  to  epoxy  polymers  but  an 
unexpected  difference  in  adhesion  to  thermoplastics 

®  nou>  Courtaulds  Srafll,  33-650 


Critical  Aspect  Ratio  for  Carbon  Fiber/Epoxy  Systems 


Carbon  Fiber 

Epoxy 

Critical 

Lengths 

(mm) 

Critical 

mean 

Aspect  Ratio,  ic/d 

99%  confidence 
on  the  mean 

ASla 

828/mPDA 

0.3 

42 

— 

AS4 

828/mPDA 

0.38 

55 

53-57 

AS4 

828/D230 

0.41 

60 

58-62 

XAS 

828/m-PDA 

0.21 

32 

31  -  33 

a  Drzal,  L.  T.;  Rich,  M.J.;  and  Lloyd,  P.F.;  "Adhesion  of  Graphite  Fibers  to  Epoxy 
Matrices;  I,  The  Role  of  Fiber  Surface  Treatment,  "J.  Adhesion.  16  1  (1983) 


Critical  Aspect  Ratio  for  AS4  in  Thermoplastic  Polymers 


Matrix 

limits 

Critical 

Lengths 

mm 

Critical  Aspect  Ratio,  lc/d 
mean  99%  confidence 

polycarbonate 

0.74 

108 

101-115 

polyphenylene  oxide 

0.83 

121 

115-125 

polyetherimide 

0.64 

93 

90-96 

polysulfone 

0.83 

121 

114  -  128 

PPO/PS  (75/25)* 

1.41 

206 

193-218 

awt.% 

Critical  Aspect  Ratio  for 

AS1  in  Thermoplastics 

Matrix 

Critical 

Critical  Aspect  Ratio,  lc/d 

Lengths 

mean  99%  confidence  limits 

mm 

polycarbonate 

0.95 

119  114-124 

polyetherimide 

0.67 

84  80  -  88 

Critical  Aspect  Ratio  for  XAS  in  Thermoplastic  Polymers 


Matrix 

Critical 

Lengths 

mm 

Critical  Aspect  Ratio,  /c/d 
mean  99%  confidence  limits 

polycarbonate 

0.36 

54 

52-56 

polyphenylene  oxide 

0.37 

55 

53-58 

polysulfone 

0.36 

55 

- 

polyetherimide 

0.36 

55 

52-57 

PPO/PS  (75/25)* 

0.41 

61 

58  -64 

awt.% 

In  oil  of  the  thermoplastics,  the  HftS  gave  a  smaller  /c/d  than  the 
R$4  or  RSI. 

This  indicates  stronger  adhesion  of  the  HRS  to  these  polymers 
than  for  the  RS  fibers. 

The  birefringence  patterns  confirmed  this  difference 

UfHV  ? 

life  tested  the  following  possibilities; 
wettability 

adsorbed  specie  on  the  RS  fibers 
surface  roughness 

None  of  these  prouided  an  explanation 


SURFACE  CHEMICAL  ANALYSIS 


XPS  ANALYSIS  REVEALED  DIFFERENCES  IN  THE  CHEMICAL 
CONSTITUTION  OF  THE  FIBERS. 


XPS  ANALYSIS _ 

CON 
Atom  Percent 


AS1 

81.0 

11.2 

5.6 

AS4 

88.6 

7.6 

3.8 

XAS 

80.5 

10.5 

7.9 

THE  ONLY  CORRELATION  BETWEEN  XPS  RESULTS  AND  ADHESION  WAS 
WITH  THE  O/N  RATIO 


However,  acid-base  analysis  of  the  fibers  using  inverse  phase 
chromatography  revealed  a  difference  in  basic  character  not 
euident  from  the  HPS  analyses. 

Y  SD  =  nonpolar  surface  energy 

Isp  =  AG°Sp/aN 

ISp  =  specific  interaction 
AG°sp  =  free  energy  of 
interaction 

a  =  surface  area  of  adsorbed 
molecule 

N  =  Avogadro's  number 


ACID  -BASE  ANALYSIS0 


probe  molecule 

character 

Isp1 

(mj/m2) 

XAS 

CHCI3 

acidic 

- 

21.9 

CCI4 

acidic 

12.8 

11.6 

CH3COCH3 

amphoteric 

149 

87.2 

THF 

basic 

150 

92.7 

Y  SD 

(mj/m2) 

n-alkanes 

nonpolar 

40.0 

39.3 

It 


c  Determined  by  Prof.  T.  Ward,  Virginia  Tech 


RETENTION  TIME  CHROMATOGRAPHY 


DCE 

reservior 


Statistical  analysis  of  the  data  indicated  a  clear  distinction  in 
the  absorptivity  of  polycarbonate  on  the  different  fibers: 


15.0 


14.2 


RETENTION 
TIME  (min)  13 .5 


12.8 


12.0 


AS1  AS4  XAS 


: 


CRITICAL 

LENGTH(mm) 


There  uiqs  a  good  correlation  between  the  retention  time  end 
the  critical  length 


y  a  -.353*  ♦  5.533,  R-squar*d:  .976 


RETENTION  TIME  (min) 


PRELIMINARY  EKPERIMENTS  SUGGEST  THAT  PLRSMR  TREATMENT  IN 
AMMONIA  IMPROUES  THE  ADHESION  OF  RS4TO  POLYCARBONATE 


EFFECT  OF  PLASMA  TREATMENT  IN  AIR 
AS4/Polycarbonate 


treatment  time  critical  length,  mm 

- min _ average  SO 

control  0.71  0.22 

1  0.80  0.20 

2  074  0.21 

5  0.75  0.23 

EFFECT  TO  PLASMA  TREATMENT  IN  AMMONIA  GAS 
AS4/Polycarbonate 

treatment  time  critical  length,  mm 

- miO _ average  SO 

control  0.71  0.22 

1  0.65  0.19 

3  0.49  0.15 

0.67  0.21 


5 


Count 


THE  EFFECT  OF  THE  NH3  PLASMA  APPEARS  TO  BE  NONUNIFOBM 


Length  (mm) 


length  (mm) 


CONCLUSIONS 


•  Both  the  HAS  and  the  AS  fibers  eHhibit  strong  adhesion  to 
the  epoxy  polymers 

•  The  HAS  exhibits  strong  adhesion  to  the  thermoplastics 
whereas  the  AS4  and  AS1  fibers  exhibit  weak  adhesion  to 
the  thermoplastics 

•  The  differences  in  adhesion  to  the  thermoplastics  could 
not  be  explained  in  terms  of  weak  boundary  layers,  or 
differences  in  wettability  or  surface  roughness 

•  The  three  fiber  types  differ  in  their  surface  chemistry 

••  from  KPS  analysis 

••  from  acid-base  characterization 

•  The  only  correlation  found  thus  for  between  adhesion  and 
surface  chemical  properties  is  with  the  HP$  0/N  ratio 

•  A  correlation  was  found  between  the  reuerse  phase  LC 
retention  time  and  the  adhesion  of  polycarbonate. 

•  The  difference  in  the  adhesion  of  the  three  fibers  to  the 
thermoplastics  appears  to  be  due  to  a  subtle  but  yet 
unidentified  difference  in  their  surface  chemical 
composition 

•  Preliminary  studies  suggest  that  exposure  of  the  AS4 
fiber  to  NH3  plasma  improues  the  adhesion  to 
polycarbonate 
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COMPRESSION  FAILURE  AND  DELAMINATION  IN 
THERMOPLASTIC  COMPOSITES 


Prof.  S.  S.  Stemstein 
Rensselaer  Polytechnic  Institute 
Troy,  New  York 


Workshop  on  Composite  Materials  and 
Structures  for  Rotocraft 


Held  at  Rensselaer  Polytechnic  Institute 
M-15  September,  1989 


THE  MICR06UCKLIN6  ELEMENT 


TRANFORMATION  TO  EQUIVALENT 
CROSS  SECTION 


TRANSFORMED 

SECTION 


GEOMETRIC  CENTER  OF 
ORIGINAL  SECTION 


OUT  OF  PLANE  DEFORMATION 
OF  THE  SURFACE  PAIR 


DISBOND 

SURFACE 


ORIGIN  OF  THE  SHEAR  LAG  PROBLEM 


END  CONDITIONS  DETERMINE  THE 
BOUNDARY  CONDITIONS  FOR  THE 
SHEAR  LAG  PROBLEM 


ASSUMPTIONS 


NO  SHEAR  IN  E  LAYERS 
ONLY  SHEARS  IN  Q  LAYERS 
AXIAL  (NO  TRANSVERSE)  GRADIENTS 
WITHIN  LAYERS 


X-POSITION  (PERCENT  OF  SAMPLE  LENGTH) 


X-POSITION  (PERCENT  OF  SAMPLE  LENGTH) 


DISSIPATED  ENERGY  DENSITY  RATE 

0.8  CRACK  RADII  LAYER  THICKNESS. 


Dissipated  Energy  Density  Rate  Contours.  (J/m3/sec) 

1  0.051  4  1.50E+05  7  3.00E+05 

2  5.00E+04  5  2.00E+05 

3  1.00E+05  6  2.50E+05 


CONCLUSIONS 


(DESTINED  TO  BE  CONTROVERSIAL) 


COMPRESSION  STRENGTH  IS  NOT  A  MATERIAL  PROPERTY, 
INSOFAR  AS  REAL  ENGINEERING  STRUCTURES  ARE 
CONCERNED. 


t  t 

MICROSTRUCTURE  WILL  DETERMINE  COMPRESSION 
PERFORMANCE,  BUT  MUST  BE  CONSIDERED  IN  CONJUNCTION 
WITH  LOAD  AND  GEOMETRY  GRADIENTS. 


MATRIX  VISCOELASTICITY  WILL  AFFECT  COMPRESSION 
PROPERTIES  THROUGH  SHEAR  REDISTRIBUTION  OF  LOAD 
CONCENTRATIONS. 


PROCESS  CONTROL  FOR  THE  PREPEG  AND  LAMINATE  MAY 
BE  MORE  IMPORTANT  FOR  COMPRESSION  PERFORMANCE 
THAN  FOR  ANY  OTHER  ULTIMATE  PROPERTY. 


MICROSTRUCTURE  UNIFORMITY  REQUIREMENTS  MUST  BE 
QUANTIFIED. 


ADVANCE  THERMOPLASTIC 
COMPOSITE  STRUCTURES  FOR 
ROTORCRAFT  APPLICATIONS 


J.  F.  PRATTE 

E.  I.  DU  PONT  DE  NEMOURS  &  CO. 
SEPTEMBER  15,  1989 


Outline 


Rotorcraft  Needs 
Thermoplastic  Composites 
Features 

Du  Pont's  Material  Systems 

PEKK  Resin  System 

Low  Cost  PEKK  Composite  Parts 

LDF™  Technology 

Overview 

General  Thermoforming  Process 
Structural  Component  Configurations 
Composite  Performance 


Summary 


Damage  Tolerance 

Lightweight 

Good  Fatigue  Life 

Good  Vibration  Characteristics 

Crashworthiness 

Low  Cost  (Acquisition  &  Life  Cycle) 


Thermoplastic  Composite  Features 


High  Toughness 

Improved  Damage  Tolerance 
Characteristics 


Lower  Cost  Composite  Structures 

Less  Labor  Intensive  Part  Fabrication 
Parts  Consolidation 
Unlimited  Out  Time 
Reprocessible  (increased  yields) 

No  Cure  (shorter  cycle  time) 
Simplified  Repair  (welding) 
Recyclable  Scrap 


§ 


D  H3HDHG  *  *1 J.HM 


PEKK-Matrix. .  -Esalmas 


High  Tensile  Modulus  (650  KSI) 

Suitable  for  composite  use  temperatures 
up  to  300°F 

Flammability  properties  meet  FAA 
requirements  with  heat  release  less  than 
OSU  65/65 

Resistant  to  aircraft  fluids 

Resin  toughness  adequate  for  good 
composite  damage  tolerance 

Low  water  absorption 

Melt  viscosity  compatible  for  thermo- 
forming  processes 


Low  Cost  PEKK  Composite  Parts 


Energy  Absorbing  Tube 
Pitch  Links 
Control  Rods 


Fairing 


I-Beam 


|  Stretch  Form 


Frame  Stiffener 


LDF™  Sine  Wave  Spar 


Du  Pont  LDF™  Technology 
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LDF™  TECHNOLOGY  DEVELOPMENT 


Material  Systama 
Enginaaring 
(Fibara  and  Raaina) 


Compoaitaa 

DuPont 

Innovative 

Structural 

Manufacturing 

Oaaign 

Tachniquaa 

Cooparativa 
Deaign  Optimization 
Procaaa  with 
Cuatomar 


LDF™  Technology  Goals 


Exploit  material’s  "metal-like" 
drawability  through  processes  such  as: 

Match  die  press  forming 

Rubber  pad  press  forming 

Diaphragm  forming 

Stretch  forming 

leading  to  weight  efficient  structures  at 
lower  cost 

Composite  performance  equal  to 
continuous  fiber  reinforcement 


Structural  Component  Configurations 


Fiber  length  greater  than  50  times 
critical  length 

Consistent  fiber  volume  fraction  and 
thickness  control 

Post  formed  fiber  orientation  meeting 
design  requirements 
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LDF™  SUMMARY/PATH  FORWARD 


Lower  cost  structures  versus  thermosets 

Capability  to  thermoform  a  wider  range  of 
complex  shape  parts  than  continuous 
fiber  materials 

Greater  Design  Freedom 
Parts  Consolidation 

Static  mechanical  and  damage  tolerance 
properties  similar  to  continuous  fiber 
materials 

Dynamic  measurements  in  progress 

Development  programs  are  being 
established  to  validate  LDF™  technology 
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Abstract 


This  presentation  describes  some  of  the  work  recently  performed  at 
the  Space  Engineering  Research  Center  in  an  area  which  has  come  to 
be  known  as  intelligent  materials,  i.e.,  materials  integrated  with 
highly  distributed  actuators,  sensors,  and  processing  networks.  In 
this  work,  models  are  derived  of  the  actuation  o£ z  composite 
structures  by  generic  induced  strain  mechanisms,  and  the  predicted 
bending  and  twisting  of  plates  thus  achieved  is  compared  to 
experimental  results  using  piezoceramics  bonded  to  graphite/epoxy 
laminates.  Some  fundamental  criteria  for  the  selection  of  an  induced 
strain  actuator  are  discussed,  followed  by  the  presentation  of  a 
manufacturing  technique  for  embedding  piezoceramic  actuators 
within  the  composite  structures.  Finally,  similar  work  involving  the 
embedding  of  electronic  device*  (eventually  to  include 
microprocessors)  is  presented. 
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EXPERIMENTATION:  PLATE  ARTICLES 
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EXPERIMENTATION:  PLATE  ARTICLES 
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Film  is  applied  easily  to  complex  surraces. 

G-1195  is  best  choice  for  embedding  inside  composites. 


Problem:  how  to  embed  the  piezoelectrics  while  maintaining  a 
hard  bond  between  the  actuator  and  the  surrounding  composite? 
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Technique  for  Embedding  Devices 


mechanical  strain  relief 


Tests  of  Embedded  Silicon  Devices 
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DYNAMICALLY -TUNABLE  SMART  COMPOSITES  FEATURING  ELECTRO-RHEOLOGICAL  FLUIDS 


Mukesh  V.  Gandhi  and  Brian  S.  Thompson 
Intelligent  Materials  and  Structures  Laboratory 
Composite  Materials  and  Structures  Center 
Michigan  State  University 
East  Lansing,  MI  48824 


Photomicrograph  of  ER- Fluid  with  2  kV/mm  Field  Strength 
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Hybrid  Composite  Materials 


ER- baaed  Saart  Structure 


Beam  Filled  with  ER  Fluid 
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Ability  of  Sure  ER-based  Beau  Co  Drautically  Change 
chair  Vibration  Characteristics:  Scheutic  of  the  Beam 


Ability  of  Smart  ER-based  Beans  to  Dramatically 
Change  their  Vibration  Characteristics: 
Experimental  Results 
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Monolithic  Materials  and  ER  Fluids 
Composite  Materials  and  ER  Fluids 


Damping  C[v(t)]  and 
Stiffness  f£[v(t)] 
Properties  Dynamically  Tuned 


Response  x(t) 
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Control  Strategies  For  Soart  Materials  And 
Structures 
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Unique  Cepebllity  of  ER-based  S«art  Beans  to  Dramatically 
Change  Their  Natural  Frequencies  and  Dapping 
Characteristics  in  Real -tine 


Unique  Capability  of  ER-based  Suet  Places  Co 
Draaaclcally  Change  chelr  NaCural  Frequencies  and 
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Response 


A  typical  representation  for  a  BKZ-type  constitutive  model  for 
describing  the  properties  of  field-dependent  ER  fluids  is  anticipated  to 
take  the  following  qualitative  form: 

t 

f  {E(*.t)J  -  -pi  +  q  [  J  -  02Ce(o)-  df 

where  a  are  the  components  of  the  stress  tensor  for  the  ER.  fluid,  p  is  an 
indeterminate  scalar,  q  is  a  function,  and  0^  and  Ce  are  defined  as  follows: 

U,  «  .  i  -  1.2 

1  3Ii 

where  U(E(x,t)).  is  the  electrical  field-dependent  strain  energy  potnetlal 
of  the  ER  Ifuid.  and  1.  and  1.  are  the  first  and  second  invariants  of  the 
right  relative  Cauchy-Green  deformation  tensor 

£e<ff>  -  £ct(OFc<c) 

where  Fc  are  the  components  of  the  relative  deformation  gradient  tensor. 
Clearly  the  electrical  field  E(x,t)  imposed  upon  the  ER  fluid  would  be  a 
function  of  the  geometry  of  the~electrodes ,  their  distribution  in  space  and 
the  potential  difference,  and  can  be  determined  from  the  classical  theory  of 
e lec tro - magne t ism . 
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ACTIVE  DYNAMIC  TUNING  UTILIZING  ADAPTIVE  COMPOSITES 
SMART  MATERIALS  &  STRUCTURES  RESEARCH  AT  VPI&SU 
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Superelastic  Nitinol  has  an  elastic  limit  of  6% 


PPNG  OF  THE  VARIATION  OF  STIFFNESS 
WITH  TEMPERATURE  AND  STRAIN 


XnTEJvPERATURE  Y-STRAIN  Z-STIFFNESS 
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An  Abstract  for  the 
Second  International  Workshop  on 
Composite  Materials  and  Structures  for  Rotoicraft 


A  REVIEW  OF  ACTIVE  NOISE  CONTROL  STRATEGIES 
FOR  REDUCTION  OF  ROTORCRAFT  INTERIOR  NOISE 


J.  D.  Jones 

Ray  W.  Herrick  Laboratories 
School  of  Mechanical  Engineering 
Purdue  University 
West  Lafayette,  IN  47907 


Source  mechanisms  and  transmission  paths  of  rotorcraft  interior  noise  are  well  defined. 
Rank  ordering  of  these  sources  has  established  the  main  rotor  gearbox  as  the  primary  contributor 
to  the  cabin  noise  levels.  Gear-mesh  vibrations  generate  a  series  of  harmonic  tones  within  the 
cabin,  the  most  significant  of  which  is  typically  the  fundamental  mesh  tone  at  approximately 
700-800  Hz.  Current  passive  noise  control  methods  (e.g.,  the  fuselage  sidewall  treatments)  do 
not  adequately  reduce  cabin  noise  levels  to  provide  passenger  comfort,  especially  for  extended 
flights.  Further  sidewall  treatments  can  add  substantially  to  weight  penalities  and  cost.  Thus, 
new  lightweight  noise  control  methods  are  needed  to  reduce  rotorcraft  interior  noise. 

Much  recent  work  has  focused  on  alternative  methods  for  interim-  noise  reduction  in 
aerospace  vehicles  (e.g.,  propeller-driven  aircrafts,  rotoicraft,  and  space  station).  Current  efforts 
in  this  area  emphasize  the  use  of  active  noise  control  (ANC)  strategies  in  conjunction  with  pas¬ 
sive  methods  for  broadband  noise  reduction.  Active  noise  control  pertains  to  a  family  of  tech¬ 
niques  which  use  a  controller  to  "actively"  create  a  secondary  sound  field  out-of-phase  with  the 
primary  noise  field  so  that  superposition  of  the  two  sound  fuels  results  in  an  overall  reduction  in 
the  noise  levels.  Active  noise  control  (ANC)  is  ideally  suited  to  such  applications  due  to  its 
complementary  effectiveness  with  minimum  weight  penalities  at  potentially  lower  costs. 

In  the  proposed  paper,  a  review  of  two  active  noise  control  strategies  for  reduction  of  rotor- 
craft  interim  noise  is  presented.  First  the  conventional  ANC  strategy  consists  of  implementing 
an  array  of  interim  acoustic  sources  (e.g.,  audio  speakers)  as  secondary  controllers  to  reduce  the 
interim  cabin  levels.  Second,  a  more  recent  ANC  strategy  involves  applying  secondary  vibra¬ 
tion  actuators  directly  to  the  rotorcraft  fuselage  in  the  vicinity  of  the  gearbox  supports  so  as  to 
reduce  the  transmission  of  structure  borne  gear  mesh  vibrations  into  the  cabin  interim.  The 
second  strategy  is  especially  promising  when  the  power  flow  into  the  structure  is  localized  such 
as  with  the  rotorcraft  gearbox  vibrations.  Advantages  and  disadvantages  of  these  two  active 
noise  control  strategies  will  be  discussed  along  with  their  potential  fm  providing  global  reduc¬ 
tion  of  rotorcraft  interim  cabin  noise. 


A  REVIEW  OF  ACTIVE  NOISE  CONTROL 
STRATEGIES  FOR  REDUCTION  OF  ROTORCRAFT 
INTERIOR  NOISE 


by 


J.D.  Jones 

Ray  W.  Herrick  Laboratories 
School  of  Mechanical  Engineering 
Purdue  University 
West  Lafayette,  IN  47907 
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AN  APPLICATION  OF 


Elliott,  S.,  Nelson,  P.,  Stothers,  I.,  Boucher,  C.,  Evers,  J.,  and 
Chidley,  B.,  'In-Flight  Experiments  on  the  Active  Control  of 
Propeller-Induced  Cabin  Noise,*  AIAA  Paper  89-1047. 


Figure  1 .  Block  diagram  of  the  control  system. 


FlOURC  1.  Man  vtav  of  a  Briaafi  Anroapaea  74*  twin  turboprop  ,  44  aaal 

aircraft. 
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Figure  2.  Microphone  and  loudspeaker  arrangement, 
showing  apian  view  of  the  internal  passenger 
cabin  at  three  levels:  (upper  graph)  floor  level 
showing  loudspeaker  positions,  (middle  graph) 
rack  level  showing  further  loudspeaker  positions, 
(lower  graph)  seated  head  height  showing 
microphone  positions. 


FIGURE  S.  Schematic  diagram  showing  the  head  height  plane  (0.2m  above 
the  fuselage  centreline) 


AN  APPLICATION  OF 


Simpson,  M.A.,  Luong,  T.M.,  Fuller,  C.R.,  and  Jones,  J.D., 
'Full-Scale  Demonstration  Tests  of  Cabin  Noise  Reduction 
Using  Active  Vibration  Control,*  AIAA  Paper  89-1074. 


FIGURE  2a.  SHAKER,  MICROPHONE,  AND  ACCELEROMETER 
LOCATIONS  IN  THE  TEST  FUSELAGE 


FIGURE  2b.  CABIN  INTERIOR,  FACING  AFT,  SHOWING 
PLACEMENT  OF  MICROPHONES 
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FIGURE  3a.  CONFIGURATION  OF  CONTROL 
SHAKER  ATTACHMENT 


FIGURE  3b.  CONTROL  SHAKER  IN  PLACE 
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TABLE  1 

ACTIVE  VIBRATION  CONTROL 
TEST  CONFIGURATIONS 


TEST  SET  TEST  NO. 


SOURCE 

SOURCE 

CONTROL 

MEASUREMENT 

test  parameters 

FREQUENCY 

LOCATION 

LOCATION 

SENSORS 

SENSORS 

evaluated 

170  Hz 

1  MIC 

7  MICS 

NUMBER  OF  ERROR 

170  HZ 

FORWARD 

w 

7  MICS 

SENSORS 

170  HZ 

FORWARD 

FORWARD 

7  MICS 

E9 

FORWARD 

4  MICS 

7  MICS 

SOURCE  FREQUENCY 

FORWARD 

FORWARD 

4MICS 

7  MICS 

FORWARO 

FORWARO 

1  ACCEL 

SACCELS 

ACCELEROMETER 

170  Hz 

FORWARD 

FORWARD 

1  ACCEL 

7  MICS 

ERROR  SENSOR 

170  Hz 

AFT 

AFT 

1  MIC 

7  MICS 

SOURCE  LOCATION/ 

170  HZ 

AFT 

AFT 

4  MICS 

7  MICS 

NUMBER  OF  CONTROL 

170  HZ 

AFT 

FORWARO 
ANO  AFT 

4  MICS 

7  MICS 

SHAKERS 

CAM  (1) 


OSCILLATOR 


CONTROL 


_ /  "  SHAKEN 

FIGURE  4.  EXPERIMENTAL  TEST  ARRANGEMENT 


MICROPHONE  NUMKR 


FIGURE  5.  MEASURED  NOISE  LEVELS,  ONE  ERROR  SENSOR 
(TEST  1) 
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FIGURE  6.  MEASURED  NOISE  LEVELS,  TWO  ERROR 
SENSORS  (TEST  2) 


FIGURE  7.  MEASURED  NOISE  LEVELS,  FOUR  ERROR 
SENSORS  (TEST  3) 
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FIGURE  8.  MEASURED  NOISE  LEVELS,  185  Hz  (TEST  4) 


FIGURE  10.  MEASURED  VIBRATION  LEVELS.  ONE 

ACCELEROMETER  ERROR  SENSOR  (TEST  6) 


FIGURE  11.  MEASURED  NOISE  LEVELS,  ONE 

ACCELEROMETER  ERROR  SENSOR  (TEST  7) 
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W  737 


MICROPHONE  NUMBER 


FIGURE  12.  MEASURED  NOISE  LEVELS,  AFT  SOURCE  AND 
CONTROL  SHAKERS,  ONE  ERROR  SENSOR 
(TEST  8) 


FIGURE  13.  MEASUREO  NOISE  LEVELS,  AFT  SOURCE  AND 
CONTROL  SHAKERS,  FOUR  ERROR  SENSORS 
(TEST  9) 


FIGURE  14.  MEASURED  NOISE  LEVELS,  FORWARD  AND  AFT 
CONTROL  SHAKERS  (TEST  10) 
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Yoertde,  C.A.,  Moore,  J.A.,  Manning,  J.E.,  "Development  of  Rotorcraft 
Interior  Noise  Control  Concepts  -  Phase  1:  Definition  Study,"  NASA 
Contractor  Report  166101,  May  1983. 
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Flaunt  «.  MoUlM  IUimwic  tupeort  (mekidmg  Fore*  Actuator) 


Kinf,  S.P.,  "The  Minimization  of  Heflcopter  Vibration  Through  Blade 
Design  and  Active  Control*”  Aeronautical  Journal,  pp.  247-263, 
August /September  1988. 


ACTIVE  NOISE 
CONTROL  STRATEGIES 


ACOUSTIC  CONTROL  SOURCES  (LOUDSPEAKERS) 

•  Acoustic  Controllers  can  be  used  for  either  airborne  or 
structurebome  noise. 

•  Acoustic  controllers  are  simpler  to  implement. 

•  Generally,  a  large  array  of  acoustic  controllers  are  needed 
for  global  reduction  over  a  reasonable  spatial  region. 

VIBRATION  CONTROL  SOURCES  (SHAKERS) 

•  Vibration  controllers  can  be  used  for  structurebome  noise  only. 

•  Vibration  controllers  are  more  difficult  to  implement. 

•  Generally,  a  smaller  array  of  vibration  controllers  are  needed 
for  global  reduction. 

•  Vibration  controllers  are  most  effective  when  power  flow  into 
the  structure  is  localized. 
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LUNCHEON  ADDRESS 


Joseph  Goldberg 
Program  Manager 
Sikorsky  Aircraft-UTC 


"What  Rotorcraft  Composite  Manufacturers  Now  Require 
from  the  Research  Community" 


What  Rotorcraft  Composite  Manufacturers  Now  Require 
froa  the  Research  Cosnmity* 


o  The  philosopher  Ralph  Waldo  Emerson  once  wrote,  "If  a  man  can  make  a  better 
book,  preach  a  better  sermon,  or  make  a  better  mousetrap  than  his  neighbor, 
though  he  builds  his  house  in  the  woods ,  the  world  will  make  a  beaten  path  to 
his  door".  But  Emerson  was  wrong!  You  must  beat  a  path  to  the  customer's  door 
to  find  out  what  he  wants  and  needs.  Stunning  innovation  and  brilliantly 
designed  new  products  are  only  part  of  the  answer.  Fortunately  Mr.  Emerson 
made  his  living  as  a  philosopher  -  not  as  a  company  president. 

o  Up  to  now,  led  by  the  rotorcraft  industry,  Mr.  Emerson's  error  was  not 
significant.  However,  today  it  has  become  significant  and  I'd  like  to  discuss 
the  impact. 

o  First,  why  have  rotorcraft  designers  led  the  way  and  what  have  they  done? 

Rotorcraft  customers  wanted  long  life  (durability)  and  low  weight  in  a  very 
demanding  environment.  Historically,  wet  layup  composites  found  A/C  application 
including  helo  in  the  late  50' s.  The  marginal  nature  of  the  material  form  for 
both  performance  and  processing  severely  limited  use.  Fibers  and  fiber  volume 
severely  limited  specific  strengths  and  stiffness  plus  quality  problems  of  wet 
layup.  Driven  by  these  issues  the  materials  industry  started  engineering  these 
materials:  prepreg  epoxies,  kevlar,  boron,  graphite,  uni  tape.  Glass  thermoset 
prepregs  found  simple  applications  in  the  '60s  for  fairings  and  non-critical 
structure.  Rotor  blades  provide  the  first  major  technical  applications  for 
composites.  Glass  was  the  material  that  was  created  for  rotor  blades.  Tough, 
fatigue  strain  resistant,  no  corrosion,  relatively  easily  drilled,  adaptable  to 
shapes,  low  cost. 

Other  technology  breakthroughs  that  composites  achieved  through  rotor  craft  in 
the  ' 70s  were  the  f lexbeam  and  bearingless  rotor  notably  the  tail  rotors  of  UTAS 
and  AAH  Aircraft.  The  very  high  fatigue  strain  allowable  and  anisotropic 
properties  of  these  materials  allowed  them  to  be  engineered  for  unique 
capabilities.  As  with  the  rotor  blades  these  structures  provided  superb 
improvements  in  performance  and  reliability  over  the  previous  generation  of 
metal  structures.  With  the  level  of  success  in  the  heart  of  the  rotor  craft 
composite  appeared  to  be  a  relatively  easy  transition  into  the  airframe.  Thus, 
birth  was  given  to  a  series  of  Government  and  contractor  funded  programs. 

These,  of  course,  culminated  in  the  '80s  with  the  ACAP  aircraft  and  the  Boeing 
360.  They  looked  and  flew  like  any  other  aircraft,  saved  20%  plus  weight,  were 
more  survivable  and  were  projected  to  cost  20%  less  as  well.  Unfortunately 
engineers  are  less  well  accomplished  at  cost  reduction  than  weight  predictions 
and  in  the  light  of  five  (5)  years  of  hind  sight  the  cost  saving  advantages  may 
not  have  been  achieved;  at  least  not  with  Thermoset  Prepreg  in  Autoclave  cure. 


Epoxy  prepregs  were  limited  to  about  300  F  applications,  are  significantly 
effected  by  moisture,  suffer  major  degradations  in  strength  from  low  velocity 
impact,  and  have  many  characteristics  that  impeded  automation  and  repeatable 
processing.  The  realization  is  that  composite  materials  require  significant 
additional  engineering  if  their  market  applications  were  to  continue  to  expand. 
Other  composite  material  forms  and  applications  attacked  these  problems. 

In  summary,  there  have  been  three  (3)  distinct  generations: 

Generation  1:  Original  Non- Structural  parts  and  rotor  blades  (VG  1  &  2) 
Advantage:  Ueight  Savings 

Cost 

Generation  2:  Airframe  Structural  Parts  (VG  3  through  9) 

Advantage:  Weight  Savings 

Generation  3:  High  Performance  Parts  (VG  10  through  13) 

Advantage:  Cost/Producibility 

Weight  Savings 

We  are  in  Generation  3  and  applications  are  growing. 

o  Where  are  composites  in  the  Rotorcraft  Industry  going? 

They  are  becoming  pervasive  through  the  airframe 
-  Airframe  fittings  are  the  next  challenge.  They  require  high  rate/low 
cost  production  of  smaller,  more  complex  components.  (Ra-show  VG  11) 

Two  significant  alternatives  to  classic  prepreg  processing  are  receiving  broad 
attention:  Thermoplastic  Forming  and  Liquid  Resin  Molding/Resin  Transfer 
Molding.  The  Thermoplastic  advocates  hope  to  produce  low  cost  details  for 
assembly  similar  to  sheet  metal  airframe  manufacture.  The  goal  of  RTM  is  the 
comolding  of  very  complex  assemblies  from  relatively  low  cost  raw  materials. 

In  summary,  composites  are  proven  for  structural  weight  savings. 

However,  Composites  are  unproven  for: 

Pr oduc ib i 1 i ty/Qua 1 i ty 
Labor  Cost 

These  problems  stem  from  the  MANTEC  dilemma 
o  The  MANTEC  Dilemma 

ACAP,  CRF  were  MANTEC  Programs  (VG  14} 

MANTEC  was  cancelled  through  lack  of  funding  in  1986 
This  left  Manufacturing  Development  to  Industry 
Customers  want  products  and  product  development  is  not 
included  in  the  research  agenda.  If  the  Government  is 
the  customer,  the  MANTEC  omission  makes  it  difficult 
to  supply  to  them  in  the  manner  they  would  like. 

Manufacturing  innovation  is  not  encouraged  and  that  is 
a  serious  problem. 


Examples  of  MANTEC  areas  now  not  attended  and  that  are  dictated  by  customer 

needs 

Fitting  type  missile  body  parts  (VG  15) 

Automated  manufacturing  processing  (with  its  incumbent  analysis) 
Preforming 

.  Cure  Speed/Heat  Up/Down  Speed  (Computational  Fluid  Dynamics) 

Post  Cure  Processing  and  Automation 

Cost  Goals  to  be  Attained  by  Dictate  of  the  Customer 
LHX  goal  is  $1  to  $2/lb  of  Airframe  Structure 
Missile  Body  Parts  at  20  to  30  per  day 
Transverse  Shear  Enhancements  at  no  Expense 

These  challenges,  again,  are  from  the  customer  and  the  rotorcraft  industry 
is  rising  to  the  challenge. 
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